Introduction
The determination of trace amounts of heavy metal ions, such as lead(II) in environmental samples, is of great importance because of their high toxicity and accumulative and persistent character in the environment and living organisms. 1 Electrothermal atomic absorption spectrometry (ETAAS) is a powerful tool for the determination of heavy metal ions in different samples because of its excellent analytical performance, low cost of required instrumentation, high sensitivity, and selectivity. The determination of lead(II) at parts per trillion levels in natural water samples using ETAAS requires a preliminary separation and preconcentration step to eliminate the matrix components, and to improve the detection limits. Several preconcentration methods have been used for trace lead(II) determinations; these include co-precipitation, 2, 3 liquid-liquid extraction, [4] [5] [6] [7] solid-phase extraction (SPE), [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] combination of co-precipitation and SPE, 18 combination of liquid-liquid extraction and SPE, 19 and cloud point extraction. 20 Research in this area has recently been reviewed; several different techniques have been outlined. 21, 22 This study is intended to develop a simple and inexpensive preconcentration technique for the ultra-trace determination of lead(II) using ETAAS. Over the past decades, great effort has been expended towards the development of solid-phase extraction systems using membrane filters, which are very useful media for the preconcentrations of various analytical tools. 9, [23] [24] [25] [26] [27] [28] [29] [30] [31] Electrothermal atomic absorption spectrometry with the direct ashing of an extraction medium, such as membrane filters on which the analyte is concentrated, enables highly sensitive determination. [26] [27] [28] [29] [30] [31] The elimination of the elution (leaching) or dissolution step simplifies the analytical procedure and reduces any risks of contamination. A suspension of fine particles holding the analyte was also introduced directly into a graphite tube for determining the desired element; high enrichment factors were observed in the slurry injection techniques. [32] [33] [34] [35] [36] Although the coupling of flow-injection on-line column preconcentration/separation techniques to ETAAS is effective for the simplifying the operation, 21 the treatment of large volumes of aqueous samples is often time-consuming. These methods are unsuitable for processing many samples in a short time.
Macrocyclic crown ethers possessing the 18-crown 6-ether skeleton are known to exhibit specific interactions with lead(II). 37, 38 Numerous reports have described solvent extraction with the 18-crown 6-ether derivatives. [39] [40] [41] A flow-injection on-line preconcentration system was also developed using a lead selective resin that was modified with an 18-crown 6-ether derivative, and a superior performance was obtained in the lead(II) determination using ETAAS. 18 In this study, we describe a new preconcentration technique based on the ion-pair solid-phase extraction of lead(II) to a small piece of hydrophilic polymer membrane filter for ultra-trace determination. The lead(II) complex with dicyclohexano-18-crown 6-ether (DC18C6) was extracted to a cellulose acetate-type membrane filter (2 × 5 mm) merely by vigorous eccentric stirring for 120 min under the coexistence of sodium dodecyl sulfate (SDS). The extraction medium was inserted into a graphite cuvette for A simple and inexpensive preconcentration technique has been developed for the ultra-trace determination of lead(II) using electrothermal atomic absorption spectrometry (ETAAS). The lead(II) complex with dicyclohexano-18-crown 6-ether (DC18C6) was extracted to a small piece of cellulose acetate-type membrane filter (2 × 5 mm) merely by vigorously eccentric stirring for 120 min under the coexistence of sodium dodecyl sulfate (SDS) at around pH 7. The extraction medium was inserted into a graphite cuvette for the determination of lead(II) by ETAAS. A linear relation was obtained for the range of 0.1 -5.0 ng in 10 ml of lead(II) standard solution (r = 0.998). The detection limit was found to be 0.03 ng of lead(II) in 10 ml (0.003 μg l -1 ) of water sample. The proposed method was applied to the ultra-trace determination of lead(II) in river water, underground water, tap water, and snow fall samples. the determination of lead(II) using ETAAS. The detection limit was 0.003 μg l -1 . The proposed method was applied to the ultra-trace determination of lead(II) in river water, underground water, tap water, and snow fall samples.
Experimental

Materials
The lead(II) standard solution, 1000 mg l -1 , was from Kanto Chemical Co., Inc. (Tokyo, Japan), and intermediate solutions were prepared by appropriate dilution of the stock solution. The solution (0.01 M) of the reagent, dicyclohexano-18-crown 6-ether (Merck KGaA, Darmstadt, Germany), was prepared by dissolving it in deionized water. The solution (0.01 M) of sodium n-dodecyl sulfate (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) was prepared by dissolving it in deionized water. The pH buffer solutions used were 0.1 mol l -1 sodium acetate-HCl (pH 4.0 -6.0), 0.1 mol l -1 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES)-NaOH (pH 6.8 -8.2), and N-cyclohexyl-2-aminoethanesulfonic acid (CHES)-NaOH (pH 9.0 -10.0). Ultrapure grade nitric acid solution (60%) was purchased from Kanto Chemical Co., Inc. (Japan). All other reagents were of analytical grade. Unless otherwise stated, all water was 18 MΩ cm deionized water purified with an ultrapure water system (MINIPURE TW-300RU; Nomura Micro Science Co., Ltd., Japan). The small piece of hydrophilic polymer membrane filter was prepared as an extraction medium by cutting a cellulose acetate-type membrane filter (pore size 0.20 μm, Advantec Toyo Kaisha, Ltd., Japan) into a 2 × 5 mm rectangle.
Apparatus
An atomic absorption spectrometer (Model Z-5010; Hitachi Ltd., Japan) with a polarized Zeeman-effect background corrector was used with a Pb hollow-cathode lamp (No. 208-2023; Hitachi). The lamp current, wavelength, and slit width were set, respectively, to 9.0 mA, 283.3 nm, and 1.3 nm. A tube-type pyrolytic graphite coated cuvette (No. 190-6003; Hitachi Ltd.) was used throughout this work. Argon gas (>99.99%) was used as a sheath gas. A graphite furnace program for the determination of lead is given in Table 1 . A drying process at 140 C for 60 s was added to a program recommended by the instrument manufacturer. This condition provided stable and sequential analyses, because no ash remained in the graphite cuvette. A direct mixer (Model DM-301; AS ONE Corp., Japan) was used for eccentric stirring of the sample solutions in perfluoroalkoxy (PFA) vials (No. 0275; Sanplatec Corp., Japan). The stirring speed was set at No. 2 (around 600 rpm).
Typical procedure
A 10-ml portion of the sample solution containing 0.03 -5.0 ng of lead(II) ion was taken in a PFA vial; then, 100 μl of a DC18C6 solution, 100 μl of an SDS solution, and 2 ml of a pH buffer solution were added. Then a small piece of the cellulose acetate-type membrane filter was put into the mixture. After eccentric stirring for 120 min using a direct mixer, the mixture was poured into a Büchner funnel; a small piece of membrane filter was rinsed with 1 ml of water. A graphite cuvette was taken out from the atomic absorption spectrometer; then the membrane filter was inserted into the cuvette using tweezers through a side hole, and the graphite cuvette was mounted on the spectrometer for determining the lead(II) content. A 10-μl portion of nitric acid solution (1 + 1) as a chemical modifier was added to the graphite cuvette through the upper hole before running the ETAAS program. The absorbance value was used exclusively for signal evaluation.
Results and Discussion
SPE condition
In this study, 18-crown 6-ether (18C6), dicyclohexano-18-crown 6-ether (DC18C6), and dibenzo-18-crown 6-ether (DB18C6) were tested for the solid-phase extraction with a small piece of cellulose acetate-type membrane filter. Stable ETAAS responses of lead(II) were obtained when 18C6 or DC18C6 was used for the solid-phase extraction, although the responses were not obtained with DB18C6. The effects of the reagent concentration in the solution are presented in Fig. 1 . The ETAAS, respectively, responses in the presence of excess reagents, such as DC18C6 or 18C6, achieved maximum value and remained constant in concentration ranges greater than 1 × 10 -4 or 1 × 10 -2 mol l -1 , and the higher ETAAS responses were observed by using DC18C6. This probably reflects the higher hydrophobic nature of DC18C6 compared with 18C6. On the other hand, it is considered that the complex formation between lead(II) and DB18C6 is not quantitative in aqueous solution under this experimental condition because the water solubility of DB18C6 is extremely low. Therefore, DC18C6 was selected as an extraction reagent in this proposed method. The effect of the pH on the solid-phase extraction of 0.10 μg l -1 of lead(II) is presented in Fig. 2 . The highest ETAAS response was obtained at around pH 7. The effects of the amount of SDS are depicted in Fig. 3 . The highest and almost constant signal was obtained in ETAAS measurements when greater than 1 × 10 -4 mol l -1 was added. Figure 4 shows the effects of the stirring time after adding the SDS solution. The ETAAS response achieved maximum, and maintained a constant value after 120 min. The proposed preconcentration method is based on ion-pair solid-phase extraction. Dodecyl sulfate ion, which is negatively charged, behaves mainly as a counter anion for the extraction of the lead(II)-DC18C6 complex. However, the mechanism seems to be more complicated, considering the effect of the pH and the required concentration of SDS. Although the details still remain to be investigated, the important parameters for the reproducibility of analyses are a sufficiently large amount of SDS and a pH control. Based on these data, a pH value of 7.0, an SDS concentration of 1 × 10 -4 mol l -1 , and a stirring time of 120 min were adopted as the optimum SPE condition.
Extraction efficiency
In this study, the extraction efficiency (N) was defined by the following expression:
In that equation, Ia and I0, respectively, represent the absorbance value obtained according to the typical procedure and the background signal (= 0.004). Also, Ib denotes the absorbance value obtained by adding a 20-μl of aqueous solution containing the same absolute amount of lead(II) to the pyro cuvette, into which a small piece of cellulose acetate-type membrane filter has been inserted beforehand. As shown in Table 2 , the extraction efficiency was 23 -25% at 20 C. Although the extraction efficiency tends to be higher according to the increase of temperature, measurements with a good reproducibility are possible at constant room temperature. However, the extraction efficiency decreased as the sample volume increased. When the sample volume was 100 ml, the extraction efficiency was around 5%. The extraction efficiency also tended to be lower according to an increase of pore sizes. When the membrane filter with a pore size of 0.45 μm was used, the extraction efficiency decreased by 12% compared with the value obtained by using the membrane filter with a pore size of 0.20 μm. As a result, the membrane filter with a pore size of 0.20 μm, which was the minimum size in the market, was used for this study.
Calibration curve and detection limit
A linear relation through the point of origin between the absorbance and the concentration was obtained for the range of 0.1 -5.0 ng in 10 ml of lead(II) standard solution (A = 0.044C + 0.0016, r = 0.998). The average value and standard deviation of the blank signals were 0.0039 and 0.0004, respectively. The detection limit, defined as three-times the standard deviation of the reagent blank, was 0.03 ng of lead(II) in 10 ml (0.003 μg l -1 ) of the water sample. The precision (RSD) for ten replicate measurements of 0.1 ng of Pb (0.010 μg l -1 ) was 7.0%. The enhancement factor obtained by the slope ratio of the two calibration curves with preconcentration and without preconcentration was 76. A comparison of the proposed method with the other reported preconcentration methods for the ultra-trace determination of lead(II) is given in Table 3 . As can be seen, this proposed method, which is easy to operate without any organic solvents harmful to the human body, presents a low ; stirring time, 30 min; sample volume, 10 ml. The error bar indicates the standard deviation with three replicate measurements. detection limit, a superior enhancement factor, and relatively low sample consumption.
Effect of foreign ions
The effects of commonly occurring foreign ions on the determination of 1.0 ng of lead(II) in 10 ml (4.8 × 10 -10 mol l -1 ) are presented in Table 4 . A given species was considered to interfere if it caused a ±5% variation of the ETAAS signal. Most ions did not interfere with the determination of lead(II). Especially, the proposed method has a superior salinity tolerance. For sodium, potassium, magnesium and calcium, each tolerated limit of these ions is equivalent to the concentrations in the majority of seawater. Although a large amount of iron(III) will cause a negative error, this interference can be eliminated by adding 100 μl of a 0.01 M NaF solution. It is well-known that parts-per-million levels of iron and manganese are often contained in underground water. The results listed in Table 4 show that the proposed method also has a sufficient tolerance to these metal ions. Therefore, the proposed method has superior selectivity, and is suitable for the determination of lead(II) in not only drinking water, but also various natural water samples.
Applications
To evaluate the usefulness of the proposed method, it was applied to an analysis of lead(II) from river water, snow fall, tap water, and underground water samples. The river-water sample was a standard reference material (NMIJ CRM 7201-a; National Institute of Advanced Industrial Science and Technology, Japan).
The determination of lead(II) in the river-water sample was performed as noted in the typical procedure with no pretreatment. Fresh snow samples were taken in Yonezawa Campus, Yamagata University, Yonezawa, and thawed in our laboratory. The tap water and underground water were taken from an urban area of Yonezawa city. These samples were then filtered through a membrane filter of 0.45 μm pore size, and acidified with 60% nitric acid to pH 2 for storage. The underground water was diluted ten times before analysis. Unless otherwise stated, the concentrations of lead(II) were determined according to the typical procedure. The obtained results as well as the recovery tests portrayed in Table 5 indicate the suitability of the proposed method for the ultra-trace determination of lead(II) in water samples.
Conclusions
A simple and inexpensive preconcentration technique for the ultra-trace determination of lead(II) by ETAAS was demonstrated using a small piece of cellulose acetate-type membrane filter as an extraction medium. The handling of the extraction medium is simple, and this proposed procedure requires only 10 ml of the sample solution. The SPE process can be performed merely by eccentric stirring. Furthermore, the simultaneous processing of many samples is possible using a direct mixer in which many vials can be set. We believe that this proposed method is useful for the management of water quality.
